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DESCRIPTION 

Voltage Conversion Device and Computer-Readable Recording Medium Having 
Program Recorded Thereon for Computer to Control Voltage Conversion 

5 

Technical Field 

The present invention relates to a voltage conversion device converting a DC 
(direct current) voltage from a DC power supply into a target voltage and to a 
computer-readable recording medium having a program recorded thereon for a 
10 computer to control voltage conversion of a DC voltage into a target voltage. 
Background Art 

Hybrid vehicles and electric vehicles have recently been of great interest as 
environment-friendly vehicles. The hybrid vehicles are now partially commerciahzed. 
A hybrid vehicle has, as its motive power sources, a DC power supply, an 

15 inverter and a motor driven by the inverter in addition to a conventional engine. More 
specifically, the engine is driven to secure the motive power source and a DC voltage 
from the DC power supply is converted by the inverter into an AC (alternating current) 
voltage to be used for rotating the motor and thereby securing the motive power source 
as well. An electric vehicle refers to a vehicle that has, as its motive power sources, a 

20 DC power supply, an inverter and a motor driven by the inverter. 

Regarding the hybrid or electric vehicle, it has been proposed to boost the DC 
voltage from the DC power supply with a voltage step-up converter and supply the 
boosted DC voltage to the mverter which drives the motor (Japanese Patent Laying- 
Open No. 2001-275367), 

25 Specifically, the hybrid or electric vehicle has a motor drive apparatus mounted 

thereon that includes a bidirectional converter and an inverter. The bidirectional 
converter includes two IGBTs (Insulated Gate Bipolar Transistors) connected in series 
between a power supply line and a ground line of the inverter and a reactor LI having 
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one end connected to an intermediate point between the two IGBTs and the other end 
connected to the positive electrode of a battery. 

The bidirectional converter boosts a DC voltage supplied from the battery in 
such a manner that an output voltage thereof is equal to a voltage command, and 
5 supplies the output voltage to the inverter. In a case where the DC voltage is to be 
raised to the output voltage by means of the bidirectional converter so that the output 
voltage is equal to the voltage command, a control unit conducts feedback control using 
a PI control gain. The inverter then drives the motor with the DC voltage supplied 
from the bidirectional converter. 

10 As seen from the above, the conventional motor drive apparatus boosts the DC 

voltage from the battery to drive the motor with the boosted DC voltage. 

The conventional motor drive apparatus, however, encounters a problem of 
overvoltage and overcurrent that could be generated when the feedback control is 
conducted for making the output voltage equal to the voltage command in such a case 

15 where the output voltage of the bidirectional converter varies due to a variation of a 
load applied to the motor. 

Fig. 10 is a voltage timing chart. Referring to Fig. 10, as the load applied to the 
motor increases, the output voltage of the bidirectional converter decreases below the 
voltage command, resulting in an increase in deviation between the voltage command 

20 and the output voltage. 

In such a case, if a proportional gain and an integral gain determined according 
to the deviation are used to carry out the feedback control, the output voltage of the 
bidirectional converter exceeds the level of the overvoltage to cause the problem of 
generation of overvoltage and overcurrent. More specifically, since the proportional 

25 gain increases according to the deviation and the integral gain increases due to 

integration of the deviation, the output voltage of the bidirectional converter sharply 
increases to exceed the overvoltage level, resulting in generation of the overvoltage and 
overcurrent. 
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Disclosure of the Invention 

An object of the present invention is thus to provide a voltage conversion device 
converting a DC voltage into an output voltage in such a manner that the output voltage 
is equal to a voltage command while suppressing generation of overvoltage and 
5 overcurrent. 

Another object of the present invention is to provide a computer-readable 
recording medium having a program recorded thereon for a computer to control voltage 
conversion from a DC voltage into an output voltage in such a manner that the output 
voltage is equal to a voltage command while suppressing generation of overvoltage and 
10 overcurrent. 

According to the present invention, a voltage conversion device converting a DC 
voltage from a DC power supply into an output voltage in such a manner that the output 
voltage is equal to a target voltage includes a voltage converter, a detection unit and a 
control unit. The voltage converter changes a voltage level of the DC voltage to 
15 output the output voltage. The detection unit detects the output voltage output from 
the voltage converter. The control unit conducts feedback control of the voltage 
converter in the manner that the output voltage is equal to the target voltage, the 
feedback control conducted, in a case where a first deviation between the target voltage 
and the detected output voltage is larger than a predetermined value, by changing a 
20 voltage command of the voltage converter in such a manner that a second deviation 
between the voltage command and the output voltage decreases. 

Preferably, the control unit controls the voltage converter, in a case where the 
detected output voltage decreases below the target voltage, so that the output voltage is 
equal to the target voltage by conducting first feedback control and second feedback 
25 control. The first feedback control refers to feedback control of the voltage converter 
executed by changing the voltage command in such a manner that the second deviation 
is at most the predetermined value. The second feedback control refers to feedback 
control of the voltage converter executed, in a case where the detected output voltage 
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having been decreasing starts to increase, by changing the vohage command in such a 
manner that the rate of change of the voltage command is at most a standard value. 

Preferably, in the case where the first deviation is larger than the predetermined 
value, the control unit conducts the first feedback control using the voltage command 
5 determined by adding the predetermined value to the detected output voltage. 

Preferably, the output voltage is input to an inverter driving an AC motor. 

Preferably, the AC motor is a motor for a vehicle. 

Further, according to the present invention, with a computer-readable recording 
medium having a program recorded thereon for a computer to control voltage 

10 conversion from a DC voltage fi-om a DC power supply into an output voltage in such a 
manner that the output voltage is equal to a target voltage, the computer executes: a 
first step of detecting the output voltage; and a second step of conducting feedback 
control of a voltage converter converting the DC voltage into the output voltage, the 
feedback control conducted, m a case where a first deviation between the target voltage 

15 and the detected output voltage is larger than a predetermined value, by changing a 
voltage conmiand of the voltage converter in such a manner that a second deviation 
between the voltage command and the output voltage decreases. 

Preferably, the second step includes: a first sub-step of calculating the first 
deviation; a second sub-step of detecting that the first deviation is larger than the 

20 predetermined value; a third sub-step of conducting feedback control of the voltage " 

converter by changing the voltage command in such a manner that the second deviation 
is at most the predetermined value; and a fourth sub-step of conducting feedback control 
of the voltage converter, in a case where the detected output voltage having been 
decreasing starts to increase, by changing the voltage command in such a manner that 

25 the rate of change of the voltage command is at most a standard value. 

Preferably, the third sub-step includes the steps of: calculating the voltage 
command by adding the predetermined value to the detected output voltage; and 
conducting feedback control of the voltage converter using the calculated voltage 



-4- 



wo 2005/013471 



PCT/JP2()04/007469 



command. 

Preferably, the fourth sub-step includes the steps of detecting that the output 
voltage having been decreasing starts to increase; calculating a difference between a first 
voltage command at a first control timing and a second voltage command at a second 
5 control timing preceding the first control timing; comparing the difference with the 

standard value; calculating the first voltage command, in a case where the difiFerence is 
larger than the standard value, by adding the standard value to the second voltage 
command; calculating the first voUage command, in a case where the difference is at 
most the standard value, by adding the predetermined value to the detected output 

10 voltage; and conducting feedback control of the voltage converter using the calculated 
first voltage command. 

With the voltage conversion device of the present invention, the feedback 
control of the voltage converter is carried out, when the first deviation between the 
target voltage and the output voltage of the voltage converter is larger than the 

15 predetermined value, by changing the voltage command of the voltage converter. In 
other words, the feedback control is conducted by decreasing the deviation between the 
output voltage and the voltage command as well as the cumulative deviation 
therebetween as compared with the case where the voltage conmiand of the voltage 
converter is fixed at the target voltage. 

20 According to the present invention, generation of overvoltage and overcurrent 

can thus be suppressed in such a case where the feedback control is executed so that the 
output voltage is equal to the target voltage. 

Further, with the voltage conversion device of the present invention, the 
feedback control is conducted, when the output voltage decreases below the target 

25 voltage and then steirts to increase, by changing the voltage command so that the rate of 
change of the voltage command is equal to or smaller than the standard value. 

According to the present invention, generation of overvoltage and overcurrent 
can thus be suppressed more reliably in the case where the feedback control is 
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conducted in such a manner that the output voltage is equal to the target voltage. 
Brief Description of the Drawings 

Fig. 1 is a schematic block diagram of a motor drive apparatus having a voltage 
conversion device according to an embodiment of the present invention. 
5 Fig. 2 is a functional block diagram of a control device shown in Fig. 1. 

Fig. 3 is a functional block diagram of motor torque control means shown in Fig. 

2. 

Fig. 4 is a functional block diagram of a feedback voltage conraiand calculation 
unit and a duty ratio conversion unit shown in Fig, 3. 
10 Fig. 5 is a voltage timing chart. 

Fig. 6 is another voltage timing chart. 

Fig. 7 is a flowchart illustrating operations of feedback control applied when a 
voltage step-up converter converts a DC voltage into an output voltage in such a 
^ manner that the output voltage is equal to a voltage command. 
15 Fig. 8 is a flowchart illustrating in detail the operation in step S6 shown in Fig. 7. 

Fig. 9 is a block diagram of two motor generators and two inverters. 
Fig. 10 is a voltage timing chart. 
Best Modes for Carrying Out the Invention 

An embodiment of the present invention is hereinafter described in detail with 
20 reference to the drawings. Like components in the drawings are denoted by like . 
reference characters and the description thereof is not repeated here. 

Referring to Fig. 1, a motor drive apparatus 100 having a voltage conversion 
device according to this embodiment of the present invention includes a DC power 
supply B, voltage sensors 10 and 13, system relays SRI and SR2, capacitors CI and C2, 
25 a voltage step-up converter 12, an inverter 14, electric-current sensors 24, and a control 
device 30. An AC motor Ml is a drive motor generating torque for driving drive 
wheels of a hybrid vehicle or electric vehicle. Alternatively, the motor may be mounted 
on a hybrid vehicle to ftmction as an electric generator driven by the engine as -well as an 
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electric motor for the engine and thus have the ability to start the engine for example. 

Voltage step-up converter 12 includes a reactor LI, NPN transistors Ql and Q2 
and diodes Dl and D2. Reactor LI has one end connected to a power supply line of 
DC power supply B and the other end connected to an intermediate point between NPN 
5 transistors Ql and Q2, namely between the emitter of NPN transistor Ql and the 

collector of NPN transistor Q2. NPN transistors Ql and Q2 are connected in series 
between the power supply line and a ground line. The collector of NPN transistor Ql 
is connected to the power supply line and the emitter of NPN transistor Q2 is connected 
to the ground line. Further, between respective collectors and emitters of NPN 

10 transistors Ql and Q2, diodes Dl and D2 flowing current from respective emitters to 
respective collectors are provided. 

Inverter 14 is comprised of a U phase arm 15, a V phase arm 16 and a W phase 
arm 17. U phase arm 15, V phase arm 16 and W phase arm 17 are provided in parallel 
between the power supply line and the ground line. 

15 U phase arm 15 is comprised of series-connected NPN transistors Q3 and Q4, V 

phase arm 16 is comprised of series-connected NPN transistors Q5 and Q6 and W phase 
arm 17 is comprised of series-connected NPN transistors Q7 and Q8. Between 
respective collectors and emitters of NPN transistors Q3-Q8,* diodes D3-DS flowing 
current from respective emitters to respective collectors are connected. 

20 An intermediate point of each phase arm is connected to an end of each phase 

coil of AC motor Ml, Specifically, AC motor Ml is a three-phase permanent-magnet 
motor configured of three coils of U, V and W phases respectively. One end of the U 
phase coil, one end of the V phase coil and one end of the W phase coil are connected at 
the common central junction, while the other end of the U phase coil is connected to an 

25 intermediate point between NPN transistors Q3 and Q4, the other end of the V phase 
coil is connected to an intermediate point between NPN transistors Q5 and Q6 and the 
other end of the W phase coil is connected to an intermediate point between NPN 
transistors Q7 and Q8. 
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DC power supply B is comprised of secondary or rechargeable cell(s), for 
example, of nickel hydride or lithium ion. Voltage sensor 10 detects DC voltage Vb 
which is output from DC power supply B to output the detected DC voltage Vb to 
control device 30. System relays SRI and SR2 are turned on/off in response to signal 
SE from control device 30. 

Capacitor CI smoothes the DC voltage Vb supplied from DC power supply B to 
provide the smoothed DC voltage to voltage step-up converter 12. 

Voltage step-up converter 12 boosts the DC voltage from capacitor CI to 
supply the boosted voltage to capacitor C2. More specifically, receiving signal PWMU 
from control device 30, voltage step-up converter 12 increases the DC voltage 
according to the period of time during which NPN transistor Q2 is turned on in response 
to signal PWMU, and supplies the increased voltage to capacitor C2. In this case, 
NPN transistor Ql is turned off in response to signal PWMU. Further, receiving signal 
PWMD from control device 30, voltage step-up converter 12 decreases the DC voltage 
supplied from inverter 14 via capacitor C2 to charge DC power supply B. 

Capacitor C2 smoothes the DC voltage from voltage step-up converter 12 to 
supply the smoothed DC voltage to inverter 14. Voltage sensor 13 detects the 
terminal-to-terminal voltage of capacitor C2, namely output voltage Vm of voltage step- 
up converter 12 (corresponding to the input voltage to inverter 14) to output the 
detected output voltage Vm to control device 30. 

Receiving the DC voltage supplied from capacitor C2, inverter 14 converts the 
DC voltage into an AC voltage based on signal PW]\4I from control de\dce 30 to drive 
AC motor Ml . Accordingly, AC motor Ml is driven to generate torque indicated by 
torque command value TR. In a regenerative braking mode of the hybrid vehicle or 
electric vehicle having motor drive apparatus 100 mounted thereon, inverter 14 converts 
an AC voltage generated by AC motor Ml into a DC voltage based on signal PWMC 
from control device 30 to supply the resultant DC voltage to voltage step-up converter 
12 via capacitor C2. 
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The regenerative braking here includes braking accompanied by regenerative 
power generation that is effected v/hen a driver of the hybrid or electric vehicle steps on 
the foot brake as well as deceleration (or stop of acceleration) accompanied by 
regenerative power generation that is effected when the driver releases the accelerator 
5 pedal without operating the foot brake. 

Current sensors 24 detect motor current MCRT flowing through AC motor Ml 
to output the detected motor current MCRT to control device 30. 

Control device 30 generates signal PWMU for driving voltage step-up converter 
12 and signal PWMI for driving inverter 14 based on torque command value TR and 
10 motor revolution number (number of revolutions of the motor) MRN that are input from 
an externally provided ECU (Electrical Control Unit), DC voltage Vb from voltage 
sensor 10, output voltage Vm from voltage sensor 13 and motor current MCRT from 
current sensors 24, according to a method hereinlater described, and outputs the 
generated signals PWMU and PWMI to voltage step-up converter 12 and inverter 14 
15 respectively. 

Signal PWMU is a signal for driving voltage step-up converter 12 to convert the 
DC voltage from capacitor CI into output voltage Vm. When voltage step-up 
converter 12 converts the DC voltage into output voltage Vm, control device 30 . 
conducts feedback control of output voltage Vm by generating signal PWMU for 
20 driving voltage step-up converter 12 in such a manner that output voltage Vm is equal 
to voltage command Vdc_com. A description of the method of generating signal 
PWMU is hereinlater given. 

Further, receiving from the external ECU a signal indicating that the hybrid or 
electric vehicle enters the regenerative braking mode, control device 30 generates signal 
25 PWMC for converting the AC voltage generated by AC motor Ml into the DC voltage 
and outputs the generated signal to inverter 14. In this case, NPN transistors Q3-Q8 of 
inverter 14 are under switching control by signal PWMC, Inverter 14 thus converts the 
AC voltage generated by AC motor Ml into the DC voltage to supply the generated DC 
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voltage to voltage step-up converter 12. 

Moreover, receiving from the external ECU a signal indicating that the hybrid or 
electric vehicle enters the regenerative braldng mode, control device 30 generates signal 
PWMD for decreasing the DC voltage supplied from inverter 14 to output the generated 
5 signal P\\rMD to voltage step-up converter 12, The AC voltage generated by AC 

motor Ml is thus converted into the DC voltage which is then decreased to be supplied 
to DC power supply B. 

Moreover, control device 30 generates signal SE for turning on/off system relays 
SRI and SR2 to output the generated signal to system relays SRI and SR2. 

10 Fig. 2 is a ftmctional block diagram of control device 30. Referring to Fig. 2, 

control device 30 includes motor torque control means 301 and voltage conversion 
control means 302. Motor torque control means 301 generates, when AC motor Ml is 
to be driven, signal PWMU for turning on/off NPN transistors Ql and Q2 of voltage 
step-up converter 12 according to a method hereinlater described and signal PWMI for 

15 turning on/off NPN transistors Q3-Q8 of inverter 14, based on torque command value 
TR, DC voltage Vb from DC power supply B, motor current MCRT, motor revolution 
number MKN and output voltage Vm of voltage step-up converter 12, and outputs the 
generated signals PWMU and PWMI to voltage step-up converter 12 and inverter 14 
respectively. 

20 In the regenerative braldng mode, receiving from the external ECU signal RGE 

indicating that the hybrid or electric vehicle enters the regenerative braldng mode, 
voltage conversion control means 302 generates signal PWMC for converting the AC 
voltage generated by AC motor Ml into the DC voltage to output the generated signal 
to inverter 14. 

25 In the regenerative braking mode, receiving signal RGE from the extemal ECU, 

voltage conversion control means 302 generates signal PWMD for decreasing the DC 
voltage supplied from inverter 14 to output the generated signal to voltage step-up 
converter 12. It is seen from the fact that voltage step-up converter 12 can also 
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decrease the voltage in response to signal PWMD for decreasing the DC voltage, 
voltage step-up converter 12 ftinctions as the bidirectional converter. 

Fig. 3 is a functional block diagram of motor torque control means 301. 
Referring to Fig. 3, motor torque control means 301 includes a phase voltage calculation 
5 unit 40 for motor control (hereinafter phase voltage calculation unit 40), a PWM signal 
conversion unit 42 for the inverter (hereinafter inverter PWM signal conversion unit 42), 
an inverter input voltage command calculation unit 50, a feedback voltage command 
calculation unit 52, and a duty ratio conversion unit 54. 

Phase voltage calculation unit 40 receives from voltage sensor 13 output voltage 

10 Vm of voltage step-up converter 12, namely the input voltage to inverter 14, receives 
from current sensors 24 motor current MCRT flowing through respective phases of AC 
motor Ml and receives torque command value TR from the external ECU. Then, 
phase voltage calculation unit 40 calculates, based on these input signals, a voltage to be 
applied to each phase coil of AC motor Ml to provide the resultant voltage to inverter 

15 PWM signal conversion unit 42. Inverter PWM signal conversion unit 42 generates, 
based on the result of the calculation from phase voltage calculation unit 40, signal 
PWMI for actually turning on/off NPN transistors Q3-Q8 of inverter 14 and outputs the 
generated signal PWMI to NPN transistors Q3-Q8 each of inverter 14. 

NPN transistors Q3-Q8 that are thus switching-controlled control the current to 

20 be flown to each phase of AC motor Ml so that AC motor Ml outputs the designated 
torque. In this way, the motor drive current is controlled and the motor torque is 
output according to torque command value TR. 

Inverter input voltage command calculation unit 50 calculates, based on torque 
command value TR and motor revolution number MRN, an optimum value (target 

25 value) of the inverter input voltage, namely voltage conmiand Vdc_coml and outputs 
the resultant voltage command Vdc_coml to feedback voltage command calculation 
unit 52. 

Based on output voltage Vm of voltage step-up converter 12 from voltage 
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sensor 1 3 and voltage command Vdc_coml from inverter input voltage command 
calculation unit 50, feedback voltage command calculation unit 52 calculates feedback 
voltage command Vdc_com_fb according to a method hereinlater described and outputs, 
the calculated feedback voltage command Vdc_com_fb to duty ratio conversion unit 54, 
5 Based on DC voltage Vb from voltage sensor 10 and feedback voltage command 

Vdc com_fb from feedback voltage command calculation unit 52, duty ratio conversion 
unit 54 calculates a duty ratio for setting output vohage Vm from voltage sensor 13 to 
feedback voltage command Vdc_com_fb, and generates, based on the calculated duty 
ratio, signal PWMU for turning on/ofiFNPN transistors Ql and Q2 of voltage step-up 

10 converter 12. Duty ratio conversion unit 54 then outputs the generated signal PWMU 
to NPN transistors Ql and Q2 of vohage step-up converter 12. 

The on-duty of NPN transistor Q2 which is the lower one included in voltage 
step-up converter 12 can be increased to increase electric-power storage of reactor LI, 
achieving a higher voltage output. In contrast, if the on-duty of the upper NPN 

15 transistor Ql is increased, the voltage on the power supply line decreases. Accordingly, 
through control of the duty ratio of NPN transistors Ql and Q2, the voltage on the 
power supply line can accordingly be controlled so that the voltage is set to an arbitrary 
voltage of at least the output voltage of DC power supply B. 

Fig. 4 is a functional block diagram of feedback voltage command calculation 

20 unit 52 and duty ratio conversion unit 54 shown in Fig. 3. Referring to Fig. 4, 

feedback voltage command calculation unit 52 includes a subtracter 521, a voltage 
deviation determination unit 522, a rate-of-change determination unit 523, a PI control 
gain determination unit 524 and a PI control unit 525. 

Subtracter 521 receives voltage command Vdc_coml from inverter input 

25 voltage command calculation unit 50 as well as output voltage Vm from voltage sensor 
13 and subtracts output voltage Vm from voltage command Vdc_coml. Subtracter 
521 then outputs the result of subtraction represented by deviation AVdcl to voltage 
deviation determination unit 522. 
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Voltage deviation determination unit 522 determines whether or not deviation 
AVdcl from subtracter 521 is larger than a specified value A. If deviation AVdcl is 
larger than specified value A, voltage deviation determination unit 522 adds specified 
value A to output voltage Vm from voltage sensor 13 and outputs the result, namely 
5 voltage Vm+A, as new voltage command Vdc__coni2, to rate-of-change determination 
unit 523. If deviation AVdcl is equal to or smaller than specified value A, voltage 
deviation determination unit 522 outputs to rate-of-change determination unit 523 
voltage command Vdc__coml from inverter input voltage command calculation unit 50, 
Rate-of-change determination unit 523 determines whether or not voltage 
10 command Vdc_com2 from voltage deviation determination unit 522 increases. More 
specifically, rate-of-change determination unit 523 stores voltage command Vdc_com2 
(n-1) under the preceding control and calculates the difference between voltage 
command Vdc_com2 (n) under the current control and voltage command Vdc_com2 
(n-1) under the preceding control to determine whether or not voltage command 
15 Vdc_com2 increases. 

Then, if voltage command Vdc_com2 does not increase, rate-of-change 
determination unit 523 uses voltage command Vdc_com2 (n) (= Vm+A) from voltage 
deviation determination unit 522 as it is. 

If voltage command Vdc_com2 increases, rate-of-change determination unit 523 
20 calculates diflference AVdc^com between voltage command Vdc_com2 (n) under the 

current control and voltage command Vdc_com2 (n-1) under the preceding control and 
compares the calculated difference AVdc_com with a standard value STD. 

If diflference AVdc_com is larger than standard value STD, rate-of-change 
determination unit 523 determines voltage command Vdc_com2 (n) under the current 
25 control by calculating Vdc_com (n-1) + STD. 

If difference AVdc_com is equal to or smaller than standard value STD, rate-of- 
change determination unit 523 uses voltage conraiand Vdc_com2 (n) (= Vm+A) from 
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voltage deviation determination unit 522 as it is. 

Then, rate-of-change determination unit 523 compares voltage command 
Vdc_com2 (n) with voltage command Vdc_coml (target voltage) received from inverter 
input voltage command calculation unit 50. If voltage command Vdc_com2 (n) is 
5 equal to or larger than voltage command Vdc_coml, rate-of-change determination unit 
523 outputs this target voltage Vdc_coml to PI control gain determination unit 524. 
If voltage command Vdc_com2 (n) is smaller than voltage command Vdc_coml, rate- 
of-change determination unit 523 outputs voltage command Vdc__com2 (n) to PI control 
gain determination unit 524. 
10 PI control gain determination unit 524 calculates deviation AVdc2 between 

voltage command Vdc_coml or voltage command Vdc_com2 (n) from rate-of-change 
determination unit 523 and output voltage Vm from voltage sensor 13 to output this 
calculated deviation A Vdc2, proportional gain PG and integral gain IG to PI control unit 
525. 

15 PI control unit 525 calculates feedback voltage command Vdc_com_fb based on 

proportional gain PG, integral gain IG and deviation AVdc2. Specifically, PI control 
unit 525 substitutes proportional gain PG, integral gain IG and deviation AVdc2 from PI 
control gain determination unit 524 into the following expression to determine feedback 
voltage command Vdc_com_fb. 

20 Vdc_com_fb = PG x AVdc2 + IG x SAVdc2 ... (1) 

PI control unit 525 then outputs the calculated feedback voltage command 
Vdc_com_fb to duty ratio conversion unit 54. 

Duty ratio conversion unit 54 includes a duty ratio calculation unit 541 for the 
converter and a PWM signal conversion unit 542 for the converter. Based on DC 

25 voltage \^ from voltage sensor 10 and feedback voltage command Vdc_com_fb from 
PI control unit 525, converter duty ratio calculation unit 541 calculates a duty ratio for 
setting output voltage Vm from voltage sensor 13 to feedback voltage command 
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Vdc_com_fb. 

Based on the duty ratio from converter duty ratio calculation unit 541, converter 
P^^M signal conversion unit 542 generates signal PWMU for turning on/off NPN 
transistors Ql and Q2 of voltage step-up converter 12. Then, converter PWM signal 
5 conversion unit 542 outputs the generated signal PWMU to NPN transistors Ql and Q2 
of voltage step-up converter 12. 

Accordingly, NPN transistors Ql and Q2 of voltage step-up converter 12 are 
turned on/off based on signal PWMU. Voltage step-up converter 12 thus converts the 
DC voltage into output voltage Vm in such a manner that output voltage Vm is equal to 
10 voltage command Vdc^cbml . 

Fig. 5 is a voltage timing chart. Referring to Fig. 5, a description is given 
below of feedback control of voltage step-up converter 12 converting DC voltage Vb 
into output voltage Vm in such a manner that output voltage Vm is equal to voltage 
command Vdc_com 1 . 

15 As load of AC motor Ml increases, output voltage Vm of voltage step-up 

converter 12 starts to decrease at timing tl. It is then determined whether deviation 
AVdcl between voltage command Vdc_coml and output voltage Vm is larger than 
specified value A. If deviation AVdcl is larger than specified value A, new voltage 
command Vdc_com2 is determined by adding specified value A to output voltage Vm 

20 (Vdc_com2 = Vm + A). 

In this case, voltage command Vdc_coml is the target voltage that voltage step- 
up converter 12 should output while voltage command Vdc_com2 is a pseudo voltage 
command for preventing overvoltage and overcurrent from being generated due to 
output voltage Vm exceeding voltage command Vdc_coml (= target voltage) when 

25 feedback control is conducted for making output voltage Vm equal to voltage command 
Vdc__coml (= target voltage). 

Therefore, while voltage command Vdc_coml is fixed once it is output from 
inverter input voltage conmiand calculation unit 50, voltage command Vdc_com2 is 
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varied depending on the timing of control according to the variation of output voltage 
Vm, 

In the period from timing tl to timing t2 in which output voltage Vm continues 
to decrease, deviation AVdcl between voltage command Vdc_coml (= target voltage) 
5 and output voltage Vm is larger than specified value A. Then, specified value A is 

added to output voltage Vm to calculate voltage command Vdc__com2 (= Vm + A) and 
feedback control is done using this voltage command Vdc_com2. 

At timing t2, voltage command Vdc_com2 that has been decreasing starts to 
increase. Then, voltage coirmiand Vdc_com2 is determined in such a manner that the 
10 rate of change AVdc_com of voltage command Vdc_com2 which is calculated by 

adding specified value A to output voltage Vm is equal to or smaller than standard value 
STD. 

Since deviation AVdcl between voltage command Vdc_coml and output 
voltage Vm is still larger than specified value A at timing t2, voltage command 

15 Vdc__com2 is basically calculated by adding specified value A to output voltage Vm. 

In the region where output voltage Vm increases, however, if feedback control is done 
using voltage command Vdc__com2 calculated by adding specified value A to output 
voltage Vm, output voltage Vm could exceed voltage command Vdc_coml (= target 
voltage) to reach an overvoltage level, resulting in generation of overvoltage and 

20 overcurrent. 

Then, when output voltage Vm having been decreasing starts to increase, the 
new voltage command Vdc_com2 is set in such a maimer that the rate of change is equal 
to or smaller than standard value STD. 

More specifically, difference AVdc_com between voltage command Vdc_com2 

25 (n) under the current control and voltage command Vdc_com2 (n-1) under the 

preceding control is calculated, and the calculated difference AVdc_com is compared 
with standard value STD. 
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If difference AVdc_com is larger than standard value STD, voltage conmiand 
Vdc_com2 (n) under the current control is calculated following the equation Vdc_com2 
(2) = Vdc_com2 (n- 1 ) + STD. 

If diflference AVdc_com is equal to or smaller than standard value STD, voltage 
5 command Vdc_com2 (n) (= Vm + A) that is calculated by adding specified value A to 
output voltage Vm is used as it is. 

Once voltage command Vdc_com2 is determined in this way, it is determined 
whether voltage command Vdc_com2 is equal to or larger than voltage command 
Vdc_coml , If voltage conmiand Vdc_com2 is equal to or larger than vohage 

10 command Vdc_coml, feedback control is done using voltage command Vdc_coml . If 
vohage command Vdc_coni2 is smaller than vohage command Vdc_coml, feedback 
control is done using voltage command Vdc_com2. 

For the region where output voltage Vm continues to decrease, voltage 
command Vdc_com2 is calculated by adding specified value A to output voltage Vm 

15 and feedback control is done using the calculated voltage command Vdc_com2. In 
other words, for the region where output voltage Vm continues to decrease, feedback 
control is done by changing voltage command Vdc_com2 in such a manner that 
deviation AVdc2 between voltage command Vdc_com2 and output voltage Vm is equal 
to or smaller than specified value A. 

20 Then, when output voltage Vm having been decreasing starts to increase, 

feedback control is done by changing voltage command Vdc_com2 in such a manner 
that the rate of change AVdc_com is equal to or smaller than standard value STD. In 
this way, output voltage Vm is made equal to target voltage Vdc_coml at timing tn 
without reaching the overvoltage level 

25 In this case, standard value STD is set to any value that does not cause 

overcurrent to flow to AC motor Ml which is a load and to DC power supply B and 
does not cause overvoltage to be generated. In other words, when the input voltage to 
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the load sharply increases, there is a higher possibility that overcurrent flows to the load. 
When the overcurrent flows to the load, electric power from DC power supply B also 
increases suddenly so that overcurrent also flows to DC power supply B. It is also 
possible that over\^oltage is generated. Standard value STD is thus set to a value that 
5 does not cause the overcurrent and the overvoltage to be generated. 

With reference to Fig. 5, after timing t2, voltage command Vdc_com2 is 
calculated in such a manner that the rate of change is equal to or smaller than standard 
value STD, and thus output voltage Vm becomes equal to voltage command Vdc_com2 
at any time in the period from timing t2 to timing tn. It is seen from this that the 

10 feedback control of the present invention is conducted to change voltage conmiand 
Vdc_com2 in such a manner that deviation AVdc2 between voltage command 
Vdc_com2 and output voltage Vm decreases in such a case where output voltage Vm 
decreases to become considerably smaller than target voltage Vdc__coml as deviation 
AVdcl becomes larger than specified value A. 

15 The event that output voltage Vm decreases to become considerably smaller 

than target voltage Vdc_coml as shown in Fig. 5 could occur in the following two cases 
where: 

(A) the output of AC motor Ml which is the load suddenly increases so that the 
output of DC power supply B cannot respond to the sudden increase; and 
20 (B) the output of AC motor Ml which is the load exceeds a maximum output of 

DC power supply B. 

Case (A) occurs in a case where the load is an AC motor coupled to drive 
wheels of the vehicle and the drive wheels suddenly slip, while case (B) occurs in a case 
where the ambient temperature decreases resulting in deterioration in output 
25 characteristics of DC power supply B. 

Fig. 6 is another voltage timing chart. Referring to Fig. 6, in the period from 
timing tl to timing t3, voltage command Vdc_com2 is calculated by adding specified 
value A to output voltage Vm. In other words, even after output voltage Vm having 
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been decreasing starts to increase, voltage command Vdc_coni2 is calculated hy adding 

specified value A to output voltage Vm. 

Then, at and after timing t3, voltage command Vdc_coni2 is determined in such 

a manner that the rate of change is equal to or smaller than standard value STD. 
5' As seen fi"om the above, the timing from which voltage command Vdc com2 is 

determined in such a manner that the rate of change is equal to or smaller than standard 

value STD may not be simultaneous with the timing at which output voltage Vm having 

been decreasing starts to increase, and may be any timing after output voltage Vm 

having been decreasing starts to increase. 
10 Fig. 7 is a flowchart illustrating operations of feedback control under which 

voltage step-up converter 12 converts DC voltage Vb into output vohage Vm in such a 

manner that output voltage Vm is equal to voltage command Vdc_coml , 

Referring to Fig. 7, on the start of a series of operations, inverter input voltage 

command calculation unit 50 generates voltage command Vdc_coml (= target voltage) 
15 based on torque commeind value TR and motor revolution number MRN fi-om the 

external ECU (step SI) to output the generated voltage command Vdc_coml to 

feedback voltage command calculation unit 52. 

Subtracter 521 of feedback voltage command calculation unit 52 calculates 

deviation AVdcl between target voltage Vdc_coml and output voltage Vm (step S2) to 
20 output the calculated deviation AVdcl to voltage deviation determination unit 522. 

Then, voltage deviation determination unit 522 determines whether or not 

deviation AVdcl is larger than specified value A (step S3). When deviation AVdcl is 

larger than specified value A, voltage deviation determination unit 522 calculates 

voltage command Vdc_com2 by adding specified value A to output voltage Vm to 
25 output the resultant voltage command to rate-of-change determination unit 523 (step 

84). 

In step S3, when voltage deviation determination unit 522 determines that 
deviation AVdcl is equal to or smaller than specified value A, voltage deviation 
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determination unit 522 outputs voltage command Vdc_coml provided from inverter 
input voltage command calculation unit 50 to rate-of-change determination unit 523. 

After the determination of "No" in step S3 or after step S4, rate-of-change 
determination unit 523 determines whether or not voltage command Vdc_com2 from 
5 voltage deviation determination unit 522 increases (step S5). When voltage command 
Vdc_com2 does not increase, the series of operations proceed to step S7. 

In step S5, when it is determined that voltage command Vdc_com2 increases, 
voltage conraiand Vdc_com2 is set in such a manner that the rate of change in vohage 
command Vdc_com2 is equal to or smaller than standard value STD (step S6). 
10 After the determination of "No" in step S5 or after step S6, PI control gain 

determination unit 524 calculates deviation AVdc2 between voltage command 
Vdc_com2 from rate-of-change determination unit 523 and output voltage Vm to 
output the calculated deviation AVdc2, proportional gain PG and integral gain IG to PI 
control unit 525. 

15 PI control unit 525 substitutes deviation AVdc2, proportional gain PG and 

integral gain IG provided from PI control gain determination unit 524 into expression 
(1) to calculate feedback voltage command Vdc_com_ft). Then, PI control unit 525 
outputs the calculated feedback voltage command Vdc_com_fb to duty ratio conversion 
unit 54. 

20 Duty ratio conversion unit 54 calculates, based on feedback voltage command 

Vdc__com_ft) from PI control unit 525, DC voltage Vb from voltage sensor 10 and 
output voltage Vm from voltage sensor 13, the duty ratio for setting output voltage Vm 
to feedback voltage command Vdc_com_fb to generate, based on the calculated duty 
ratio, signal PWMU for turning on/ofiFNPN transistors Ql and Q2 of voltage step-up 

25 converter 12. Then, duty ratio conversion unit 54 outputs the generated signal PWMU 
to NPN transistors Ql and Q2 of voltage step-up converter 12, Control by means of 
voltage command Vdc_com2 is thus carried out (step S7). 
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After this, it is determined whether or not output voltage Vm is equal to target 
voltage Vdc^coml (step S8). When output voltage Vm is not equal to target voltage 
Vdc_coml, steps S2-S8 are repeated. Then, when output voltage Vm becomes equal 
to target voltage Vdc_coml, the series of operations are ended. 
5 Fig. 8 is a flowchart illustrating in detail the operation in step S6 shown in Fig. 7. 

When it is determined in step S5 shown in Fig. 7 that voltage conmiand Vdc_com2 
increases, rate-of-change determination unit 523 calculates difference AVdc_com 
between voltage command Vdc_com2 (n) under the current control and voltage 
command Vdc_com2 (n-1) under the preceding control (step S61) and determines 
10 whether or not the calculated difference AVdc_com is larger than standard value STD 
(step S62). 

When difference AVdc_com is larger than standard value STD, rate-of-change 
determination unit 523 calculates voltage command Vdc_coni2 (n) under the current 
control by adding standard value STD to voltage command Vdc_com2 (n-1) under the 
15 preceding control (step S63). 

When it is determined in step 862 that difference AVdc_com is equal to or 
smaller than standard value STD, voltage command Vdc_com2 (n) under the current 
control, namely voltage command Vdc__com2 (n) which is calculated by adding specified 
value A to output voltage Vm by voltage deviation detennination unit 522 is used (step 
20 S64). 

After step S63 or step S64, rate-of-change determination unit 523 determines 
whether or not voltage command Vdc_com2 (n) calculated in step 863 or S64 is equal 
to or larger than target voltage Vdc_coml (step S65). When voltage command 
Vdc_coni2 (n) is equal to or larger than target voltage Vdc_coml, rate-of-change 
25 determination unit 523 outputs target voltage Vdc_coml as a voltage command to PI 
control gain determination unit 524 (step 866). 

When voltage command Vdc_com2 (n) is smaller than target voltage Vdc_coml, 
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rate-of-change determination unit 523 outputs voltage command Vdc_com2 (n) as a 
voltage command to PI control gain determination unit 524 (step S67). 

After step S66 or step S67, the series of operations proceed to step S7 shown in 

Fig. 7. 

5 In the above-described flowchart, the procedure through which step S2, "Yes" in 

step S3, step S4, "No" in step S5, step S7 and "No" in step S8 are repeated corresponds • 
to a procedure through which feedback control is carried out, in the case where output 
vohage Vm continues to decrease, by calculating voltage command Vdc_com2 through 
addition of specified value A to output voltage Vm and changing voltage command 

10 Vdc_com2 in such a manner that the deviation between voltage conmiand Vdc_com2 
and output voltage Vm is equal to or smaller than specified value A in the period from 
timing tl to timing t2 shown in Fig. 5. 

In the above-described flowchart, the procedure through which step S2, "Yes" in 
step S3, step S4, "Yes" in step S5, step S6, step S7 and "No" in step 88 are repeated 

15 corresponds to a procedure through which feedback control is carried out, in the case 
where output voltage Vm having been decreasing starts to increase, by calculating 
voltage command Vdc_com2 in such a maimer that the rate- of change is equal to or 
smaller than standard value STD, specifically, by changing voltage command Vdc_com2 
in such a manner that the rate of change is equal to or smaller than standard value STD 

20 at and after timing t2 shown in Fig. 5. 

As seen from the above, by the procedure through which step S2, "Yes" in step 
S3, step S4, "No" in step S5, step S7 and "No" m step S8 are repeated, the feedback 
control is conducted by decreasing voltage command Vdc_com2 as output voltage Vm 
decreases and, by the procedure through which step 82, "Yes" in step S3, step S4, 

25 "Yes" in step S5, step S6, step S7 and "No" in step S8 are repeated, the feedback 

control is conducted by limiting the rate of change to standard value STD or smaller. 
Thus, the feedback control for making output voltage Vm equal to target voltage 
Vdc_coml corresponds to feedback control under which the rate of change of voltage 
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command Vdc_com2 is changed according to the rate of change of output voltage Vm. 

Further, the operation in step S5 of determining that voltage command • 
Vdc_com2 increases corresponds to an operation of determining that output voltage Vm 
which has been decreasing starts to increase. 

As discussed above, a feature of the present invention is that the feedback 
control of voltage step-up converter 12 is conducted, in such a case where output 
voltage Vm becomes smaller than target voltage Vdc_coml as deviation AVdcl 
between output voltage Vm and target voltage Vdc_coml is larger than a specified 
value, by changing voltage command Vdc_coin2 so that deviation AVdc2 between 
voltage command Vdc_com2 and output voltage Vm decreases. 

Specifically, voltage command Vdc_coin2 is changed for allowing deviation 
AVdc2 with respect to output voltage Vm to decrease by changing voltage command 
Vdc_com2 in such a manner that deviation AVdc2 with respect to output voltage Vm is 
equal to or smaller than specified value A in the case where output voltage Vm 
continues to decrease and by changing voltage command Vdc_com2 m such a manner 
that the rate of change is equal to or smaller than standard value STD in the case where 
output voltage Vm having been decreasing starts to increase. 

With the above-described feature, the deviation between the voltage command 
and output voltage Vm as well as a cumulative deviation resultant from accumulation of 
the deviation can be reduced as compared with the case where the voltage command of 
voltage step-up converter 12 is fixed at target voltage Vdc_coml . Consequently, 
when the feedback control is done in such a manner that output voltage Vm is equal to 
target voltage Vdc_coml, generation of overvoltage and overcurrent can be suppressed 
that results from output voUage Vm exceeding target voltage Vdc_coml to reach an 
overvoltage level. 

The above-described specified value A is set to a value which completely 
eUminates delay in response of output voltage Vm. According to the description above. 
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in the case where deviation AVdcl between target voltage Vdc_coml and output 
voltage Vm is larger than specified value A, voltage coiiimand Vdc_com2 is calculated 
by simply adding specified value A to output voltage Vm. The present invention, 
however, is not limited to this calculation. Alternatively, voltage command Vdc_com2 
may be calculated by adding a value A±a to output voltage Vm so that the delay in 
response of output voltage Vm is substantially eliminated. 

Motor drive apparatus 100 is mounted for example on a hybrid vehicle. In this 
case, AC motor Ml is comprised of two motor generators MGl and MG2 and inverter 
14 is comprised of two inverters. Specifically, as shown in Fig. 9, two inverters 14A 
and 14B are provided correspondingly to two motor generators MGl and MG2. 
These two inverters 14A and 14B are connected in parallel to nodes Nl and N2 
connected to respective ends of capacitor C2. 

Motor generator MGl is coupled via a power split device (not shown) to the 
engine while motor generator MG2 is coupled via the power split device to drive wheels. 

Inverter 14A converts a DC voltage fi-om voltage step-up converter 12 into an 
AC vohage to drive motor generator MGl and converts an AC voltage generated by 
motor generator MGl fi-om rotational force of the engine into a DC voltage to supply 
the generated vohage to voltage step-up converter 12. 

Inverter 14B converts the DC voltage fi-om voltage step-up converter 12 into an 
AC voltage to drive motor generator MG2 and converts an AC voltage generated by 
motor generator MG2 fi-om rotational force of the drive wheels into a DC voltage to 
supply the generated voltage to voltage step-up converter 12. 

Output voltage Vm of voltage step-up converter 12 decreases to be considerably 
smaller than target voltage Vdc_coml in such a case where motor generators MGl and 
MG2 are driven in the electric motor mode, namely, in the case where the engine is 
started by motor generator MGl when the vehicle is run as an electric vehicle (EV 
drive) by rotating the drive wheels with output torque of motor generator MG2. 

In the above-described case, even if output voltage Vm decreases to be far 
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smaller than target voltage Vdc_coml, the feedback control can suppress generation of 
overcurrent and overvoltage as described above while DC voltage Vb is increased to 
output voltage Vm so that output voltage Vm is equal to target voltage Vdc__coml. 

The present invention is therefore particularly effective for the feedback control 
5 of the voltage step-up converter mounted on the hybrid vehicle. 

While the description above is applied to the case where output voltage Vm of 
voltage step-up converter 12 decreases from target voltage Vdc_coml, the present 
invention may alternatively be applied to a case where output voltage Vm increases from 
target voltage Vdc_comL 

10 According to the description above, duty ratio conversion unit 54 uses feedback 

voltage command Vdc_com_fb from feedback voltage command calculation unit 52 to 
calculate the duty ratio for setting output vohage Vm from voltage sensor 13 to 
feedback voltage command Vdc_com_fb. The present invention, however, is not 
limited to this and duty ratio conversion unit 54 may calculate the duty ratio by 

15 correcting voltage command Vdc_coml from inverter input voltage command 

calculation unit 50 with feedback voltage command Vdc_com_fb from feedback voltage 
command calculation unit 52 to calculate the duty ratio for setting output voltage Vm to 
the corrected voltage command Vdc_coml. 

In this case, as shown in Fig. 3, inverter input voltage command calculation unit 

20 50 outputs calculated voltage command Vdc_coml to feedback voltage command 
calculation unit 52 and duty ratio conversion unit 54. 

Moreover, according to the description above, converter duty ratio calculation 
unit 541 calculates the duty ratio for setting output voltage Vm from voltage sensor 13 
to feedback voltage command Vdc_com_fb using feedback voltage command 

25 Vdc_com_fb from PI control unit 525. The present invention, however, is not Hmited 
to this. Alternatively, according to the present invention, converter duty ratio 
calculation unit 541 may calculate the duty ratio by correcting voltage command 
Vdc_com2 from rate-of-change determination unit 523 using feedback voltage 
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command Vdc_com_fb from PI control unit 525 and then setting output voltage Vm to 
the corrected voltage command Vdc__coml. 

In this case, as shown in Fig. 4, rate-of-change determination unit 523 outputs 
the finally determined voltage command Vdc_com2 to PI control gain determination 
5 unit 524 and converter duty ratio calculation unit 541 . 

Further, according to the description above, control device 30 receives signal 
RGB from the external ECU in the regenerative mode, and control device 30 generates 
signals PWMU and PWMD for controlling voltage step-up converter 12 and signals 
PWMI and PWMC for controlling inverter 14. The present invention, however, is not 
10 limited to this and control device 30 may generate a PWM signal for controlling voltage 
step-up converter 12 and inverter 14 vAth the PI control so that the output voltage 
follows voltage command Vdc__coml . 

Moreover, according to the present invention, "voltage conversion device" is 
comprised of voltage step-up converter 12, feedback voltage command calculation unit 
15 52 and duty ratio conversion unit 54 of control device 30. 

Further, according to the present invention, "control means" for controlling 
voltage step-up converter 12 serving as a voltage converter is comprised of feedback 
voltage command calculation unit 52 and duty ratio conversion unit 54. 

The feedback control by feedback voltage command calculation unit 52 and duty 
20 ratio conversion unit 54 is actually conducted by a CPU (Central Processing Unit). 

The CPU reads from a ROM (Read Only Memory) a program having the steps of the 
flowcharts shown in Figs. 7 and 8 to execute the read program for controlling the 
voltage conversion from the DC voltage into output voltage Vm following the 
flowcharts shown in Figs. 7 and 8. The ROM thus corresponds to a computer (CPU)- 
25 readable recording medium having the program recorded thereon that has the steps of 
the flowcharts in Figs. 7 and 8. 

Although the present invention has been described and illustrated in detail, it is 
clearly understood that the same is by way of illustration and example only and is not to 
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be taken by way of limitation, the spirit and scope of the present invention being limited 
only by the terms of the appended clmms. 
Industrial Applicability 

The present invention is applied to a voltage conversion device converting a DC 
5 voltage into an output voltage in such a manner that the output voltage is equal to a 
voltage command while suppressing generation of overvohage and overcurrent. 
Further, the present invention is applied to a computer-readable recording medium 
having a program recorded thereon for a computer to execute control of voltage 
conversion from a DC voltage into an output voltage in such a manner that the output 
10 voltage is equal to a voltage command. 
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